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Abstract
Since commercial wind turbines were introduced around 1980, the length of rotor blades has
increased substantially up to 80m with consequently higher demands on availability and failure
prevention. One of the typical failure mechanisms of rotor blades in operation are fatigue cracks
in adhesive bonds often caused by air voids with a-priori unknown properties, which results
from the manufacturing process. In this contribution, the usage of computer tomography as
non-destructive testing (NDT) on a representative sub-component, called the Henkel beam, is
proposed for air void detection and quantification. By using the NDT data, structural failure
is simulated by means of a finite element approach under polymorphic uncertainties to consider
diverse uncertainty sources in the data acquisition. On the one hand, aleatory irreducible un-
certainties are described with stochastic variables and on the other hand, interval and fuzzy
variables are used for epistemic reducible uncertainties. For solving the problem under poly-
morphic uncertainties, different computational methods within a MATLAB R framework called
PolyUQ are used and compared with regard to accuracy and efficiency.
Keywords data acquisition; aleatory and epistemic uncertainty; polymorphic uncertainty
modeling; fuzzy-interval-stochastic finite element approach; structural failure
quantification
1 Introduction
This study has been performed within the research project MuScaBlaDes – "Multi-scale failure
analysis with polymorphic uncertainties for optimal design of rotor blades" – which is part of the
Priority Programme (SPP 1886) "Polymorphic uncertainty modelling for the numerical design
of structures" started in 2016.
Rotor blades of wind turbines are thin-walled spatial structures consisting of two composite
shells and a load-bearing structure inside. The latter one typically consists either of a box girder
or spar caps integrated in the shells and one or two shear webs assembled with adhesive bonds.
During the lifetime of wind turbines, the blades are stressed mainly by aerodynamic loads, but
also by inertia, gravitational and gyroscopic loads which have to be taken into account in the
design and certification process [4, 10]. Appearing extreme and fatigue loading can cause dif-
ferent failure mechanisms like delamination, buckling, cross-sectional distorsion and out-of-plane
deformations at the root transition area. In a full-scale rotor blade test [22] according to [11],
debonding of spar caps and shear webs has been identified as a significant reason for structural
collapse. Inaccuracies and imperfections in manufacturing processes reduce the adhesive bond
quality which affects the overall integrity and reliability of rotor blades.
In this regard, sub-components, e.g. the Henkel beam (HB) by the Fraunhofer Institute
for Wind Energy and Energy System Technology (IWES), have been developed in the past for
detailed experimental investigations [19, 23]. Of course, sub-components cannot be identical with
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a certain part of the rotor blade, but at least representative with respect to loading, geometry,
material, structural parameters, behavior and failure mechanisms, see section 2.
It could be seen that the fatigue damage mechanism is initiated by multiple cracks in the
adhesive bonds due to air voids and debonding. For understanding the reasons of failure in
detail, various NDT like ultrasonic (US) or computer tomographic (CT) scanning have been
applied by Technische Universität Berlin within the collaborative research project "BladeTester
- Automated approach for serial integrity tests of rotor blades of wind turbines" (2011-2015) [18].
In section 3, a-priori unknown air void properties in Henkel beams are classified and detected
based on CT images in the data acquisition.
The obvious assumption that the crack initiation is probably caused by a critical stress con-
centration around the air void inclusions is analyzed by means of a finite element approach under
polymorphic uncertainties. The processed air void properties (amount, shape, size and location)
from the CT analysis are integrated in the numerical simulation. Randomness and natural vari-
ability as well as limited information, subjectivity and imprecise data lead to aleatory (alea
(latin) = gambling, dice) and epistemic (  (greek) = science, profession) uncertainties,
respectively [8, 16]. As an extension to probabilistic approaches [15, 21, 1, 13], the diversity
of the uncertainty sources is considered, see [2] for an overview about possible models. In this
study, stochastic, interval and fuzzy variables are used at once like in [20]. Different solution
methods are compared with regard to accuracy and efficiency in a self-developed MATLAB R
framework called PolyUQ, see section 4.
Finally, important from an engineering point of view, the numerical output for the relative
bearing capacity of imperfect adhesive bonds is simplified before conclusions are given in section 5.
The main focus of this contribution is on the quantification of various structural parameters
based on non-destructive testing and on the integration in numerical simulations of perforated
structures by using polymorphic uncertainties, see also Fig. 1.
2 Adhesive bonds in a representative sub-component
2.1 Henkel beam as representative sub-component
For certification of a series of structurally identical rotor blades, static and cyclic full-scale tests
on only one or maximum two rotor blades are required [11]. A drawback beside the high costs
is that the test blades can only be representative due to the uniqueness of each one and due to
the more complex environmental conditions in operation. Furthermore, the structural collapse
is caused by local failure, therefore testing structural details is defined in international standards
as [11]. With regard to adhesive bonds, mechanical tests at coupon level with thicknesses of
t = 0:5mm and t = 3:0mm are required for material certification even though that is not realistic
for practical rotor blade design [19, 23]. To close the gap between full-scale and coupon tests,
the Fraunhofer IWES has developed the Henkel beam as a representative sub-component for
detailed investigations on adhesive bonds, see Fig. 2.
The Henkel beam is fixed on the left and loaded vertically on the right. The definition of the
loading is based on a stress state in the adhesive bonds in a full-scale test at a distance of 10m
from blade root. For the underlying combined flap and edge wise static load case, the dominating
stress 11 is in length direction of the blade, whereas transerve and shear loading also exist up
to 10% of 11.
The Henkel beam is constructed as a double T-girder following the cross-section of the load
bearing structure in rotor blades, see Fig. 2a. In longitudinal direction, the beam is tapered
so that the maximum stresses are located between the reinforcements, away from loading and
fixation regions, to get failure cracks and structural collapse. Then, different designs and mate-
rials of adhesive bonds are investigated numerically as well as experimentally to understand the
structural behavior.
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real-world problem rotor blades of wind turbines
simplified problem Henkel beam as representative sub-component
uncertain input selection air voids in adhesive bonds
data model
for determined input properties amount, shape, size, location
data acquisition
(method and conditions)
computer tomographic scans of ad-
hesive bonds in Henkel beams
data processing
(transformation to input properties)
image binarization, shape simplifi-
cations, neglecting small air voids
uncertainty description &
uncertainty quantification
amount (fuzzy variable), shape (slotted hole), size
(interval variables), location (stochastic variables)
uncertain input nLP air voids
each of them described by: LPi; vLPi; xMi; yMi
system simulation with uncertainties
 system model
 uncertainty propagation
 prediction
2D linear elastostatic boundary value problem un-
der polymorphic uncertainties using the FEM
QoI: tensile strength expressed by a rel-
ative bearing capacity Fmax=Fideal
decision making/ design
with quantified uncertainties
statement about critical air void properties in
adhesive bonds w.r.t. industrial applications
Figure 1: Application-related strategy for data handling and integration in numerical uncertainty
models
2.2 Properties of the adhesive bonds
The geometry, loading and material parameters of the adhesive bond in Fig. 3 are defined as
described below according to Fig. 2b and Fig. 2c, respectively.
2.2.1 Geometry
Between the reinforcements on the edge regions of the Henkel beam, the region of interest has
a length of l = 700mm in x-direction. Furthermore, the cross-section is defined with a width of
b = 32mm in y-direction and a thickness of t = 10mm in z-direction. To avoid time-consuming
numerical simulations, the resulting three-dimensional cuboid is simplified to a rectangular two-
dimensional plate with constant thickness in section 4.
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(a) Cross section of rotor blade
(b) Henkel beam
(c) Cross section of Henkel beam
Figure 2: Henkel beam geometry and relation to rotor blade according to [19]
Figure 3: Adhesive bond under uniaxial tension
2.2.2 Loading
The Henkel beam is fixed on the left and loaded on the right in z-direction. Due to elastic
behavior and present geometrical dimensions, the beam theory is valid so that a static loading
of the Henkel beam leads to a linear strain distribution over the beam height. Consequently, the
stress distribution over the adhesive bonds can be considered as constant caused by the relatively
small thickness compared to the beam height.
2.2.3 Material
The adhesive bonds are made of epoxy resin, an isotropic material with Young’s modulus
E = 4890MPa and Poisson’s ratio  = 0:22. It is assumed a linear elastic material behav-
ior until the first cracking that means local failure. It corresponds to a brittle behavior which
is typical under fatigue loading of adhesive bonds. In addition, present air voids lead to an
inhomogeneous structure, see section 3.
3 Computer tomographic scans
3.1 Data acquisition
In cooperation with the Fraunhofer IWES, ten Henkel beams have been used for various studies
of adhesive bonds within the BladeTester project [18]. NDT have been applied before and after
fatigue tests on several Henkel beams, see [14] for more details. Three of them - namely HB3,
HB9 and HB10 - have been scanned with CT devices to detect and analyze the air voids in
adhesive bonds. The quality of information depends obviously on the resolution, given as 3mm
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in longitudinal direction and as approximately 296  182px in cross-sectional images. Due to
the quasi-continuous measurement, air voids with a length lower than 3mm between two scans
cannot be detected. Furthermore, detected air voids in the cross-sectional images are represented
by discrete pixels.
On this basis the following procedure for data acquisition is implemented in MATLAB R,
partly using the Image Processing Toolbox:
1. detection of the region of interest with a length of l = 700mm, as described in section 2
2. for all relevant two-dimensional CT images
(a) import of the RGB image
(b) converting in a gray image
(c) detection of the two adhesive bonds in the Henkel beam
(d) for all adhesive bonds
i. image binarization
ii. analysis of the air void properties (amount, shape, size and location)
iii. calculation of the air voids content h;a with h 2 f3; 9; 10g and a 2 f1; 2g
All steps are based on subjective settings which influence the calculated air void properties and
lead to an uncertain data acquisition.
Initially, each pixel holds three values
RGB 2 [0; 255] [0; 255] [0; 255] ; (1)
depending on brightness (window level WL) and contrast (window width WW), see Fig. 4. With
regard to the requirement that the adhesive bonds and the air voids have to be distinguishable
in every cross-sectional image, the values WL = 800 and WW = 2500 have been chosen. For
(a) WL=WW = 800=2500 (b) WL=WW = 60=400 (CT-Abdomen)
(c) WL=WW = 300=600 (CT-Angio) (d) WL=WW = 300=1500 (CT-Bone)
Figure 4: Chosen (a) and other possible (b-d) settings for brightness WL and contrast WW
comparing pixels to detect the adhesive bonds automatically, the RGB values are converted in a
gray value using the following equation
Y = (0:2989R+ 0:5870G+ 0:1140B) 2 [0; 255] : (2)
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The coefficients in Eq. (2) are equivalent to those used to calculate luminance E0Y from the
gamma pre-corrected primary analogue signals E0R, E
0
G and E
0
B [5].
To decide whether a pixel belongs either to epoxy resin or to air voids, the gray images have
to be binarized for which either Otsu’s method [17] with a globally defined threshold or Bradley’s
method [3] with a locally adaptive threshold are common. In Fig. 5 the binarized images of the
two adhesive bonds from Fig. 4a are shown depending on the method and the sensitivity factor
or the global threshold, respectively. Representative studies have shown satisfactory results for
(a) Bradley’s method
sensitivity = 1:00
(b) Bradley’s method
sensitivity = 0:50
(c) Otsu’s method
threshold = 0:00
(d) Otsu’s method
threshold = 0:18
Figure 5: Chosen (a) and other possible (b-d) methods for image binarization
Bradley’s method with highest sensitivity factor of 1:0 which is used for the data acquisition.
In this study, the air void properties of each CT image are smeared to define an air voids
content over the region of interest in longitudinal direction for each Henkel beam h and each
adhesive bond a:
h;a : [0; l]  R! [0; 1]  R
x 7! h;a (x) 8h 2 f3; 9; 10g and a 2 f1; 2g
(3)
3.2 Data processing
For integrating the acquired information of air voids into the numerical simulations of adhesive
bonds, it is useful to simplify the air voids content h;a. Based on the assumption that air voids
with large sizes influence the structural behavior more than air voids with small sizes, all those
with a content less than 5% are neglected, so that
h;a =
(
h;a; if h;a  0:05
0; otherwise:
(4)
In addition, the detected arbitrary air void shapes have to be parameterized. Therefore, the
shape is simplified to a (slotted) hole, see Fig. 6. Each air void is defined about the location
(xM; yM), the length lLP in x-direction, the width bLP in y-direction and the rotation LP = 0
in x-y-plane. The red line in Fig. 7 describes the numerical approximation of the blue line based
on the data processing for adhesive bond 1 of Henkel beam 10.
4 Polymorphic uncertainty modeling of adhesive bonds
4.1 Consideration of polymorphic uncertainties
The acquired and processed data on air void properties in adhesive bonds are integrated in
structural failure simulations. Besides deterministic parameters, different uncertainty types based
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Figure 6: Slotted hole as simplified air void shape
Figure 7: Exemplary air voids content 10;1
Table 1: Input variables for adhesive bond simulations
name unit type values
plate length [mm] deterministic l = 700
plate width [mm] deterministic b = 32
plate thickness [mm] deterministic t = 10
Young’s modulus [MPa] deterministic E = 4890
Poisson’s ratio [/] deterministic  = 0:22
uniaxial loading [N] deterministic F = 1
numerical parameter [mm] deterministic  = 0:5
amount of air voids [/] fuzzy nLP = TFI h0; 2; 4; 6i
i-th air voids content [/] interval LPi = [0:05; 0:40]
i-th air voids size ratio [/] interval vLPi = [1:00; 7:00]
midpoint x-location of air void i [mm] stochastic xMi  U(axi; bxi)
midpoint y-location of air void i [mm] stochastic yMi  U(ayi; byi)
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on different uncertainty sources are considered, see Table 1. Expert knowledge on a limited
amount of six adhesive bonds can be taken into account, so that the amount of air voids nLP
is quantified by a trapezoidal fuzzy interval (TFI) with a support SnLP = [0; 6] and a core
CnLP = [2; 4]. The membership function  (nLP) is discrete because the amount of air voids is
naturally represented by a positive integer.
Various subjective settings in the CT image analysis affect mainly the size of air voids for
which no expert knowledge is available. As a result the air voids content LPi and the air voids
size ratio vLPi are defined as interval variables from which the width bLPi = LPib and the length
lLPi = vLPibLPi can be calculated, respectively.
Additionally, natural variability and randomness of the air void location lead to aleatory
uncertainties which are described with stochastic variables xMi and yMi. The bounds of the
uniform distribution for xMi are calculated for each air void i = f1; : : : ; nLPg as follows: An
effective length le = l   2b is divided in equidistant subdomains with a length of li = le=nLP
and bounds [xmin;i; xmax;i] = [b+ (i  1)li; b+ ili] in x-direction. To avoid numerical problems,
the equation xmin;i +   xLi < xRi  xmax;i    has to be valid for each air void. The relation
xMi = (xLi + xRi) =2 leads to
axi = xmin;i + +
lLPi
2 = b+ (i  1) l 2bnLP + +
vLPiLPib
2 and
bxi = xmax;i     lLPi2 = b+ i l 2bnLP    
vLPiLPib
2 :
(5)
For the bounds of the uniform distribution for yMi, one obtains
ayi =
bLPi
2 =
LPib
2 and
byi = b  bLPi2 = b  LPib2 :
(6)
The Eq. (5) and (6) ensure, on the one hand, that each air void is completely inside the plate
and, on the other hand, that no overlapping is occurred.
In conclusion, the vector
 = [F; I; S]
= [nLP; LP1; vLP1; xM1; yM1; : : : ; LPnLP ; vLPnLP ; xMnLP ; yMnLP ]
(7)
collects all fuzzy (F), interval (I) and stochastic (S) uncertain parameters which require an
analysis under polymorphic uncertainties. The length of  corresponds to the total number of
uncertain input variables which is itself uncertain.
4.2 Solving
4.2.1 Uncertainty handling
A MATLAB R framework called PolyUQ has been developed inhouse for solving problems under
polymorphic uncertainties, also with an integrated interface to black-box solvers, see Fig. 8.
In addition to the deterministic model, all uncertain variables and the described parametric
dependencies,
 the reduced transformation method with three  levels for the fuzzy variable [9],
 the vertex method for the interval variables [7] and
 the Monte Carlo sampling as well as the Latin hypercube sampling with n = 103 simulations
in each fuzzy-interval configuration for the stochastic variables [21]
have been selected as solution methods, see also Fig. 9.
In the fuzzy space, all possible values for nLP except nLP = 3 are used. Monotonic behavior
of the solution with regard to the amount of air voids is expected so that the evaluation of
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Figure 8: PolyUQ
nLP = 2 and nLP = 4 results in the correct solution on the core. Also monotony is presumed in
the interval space which leads to the vertex method as reasonable method. For the stochastic
space, the Latin hypercube sampling is implemented besides the classical Monte Carlo sampling.
An integration of quasi-random point sets or stochastic collocation methods for comparison is
going beyond the scope of the present study.
Figure 9: Solution strategy for problem under polymorphic uncertainties
4.2.2 Numerical model
For each fuzzy-interval-stochastic sample the linear elastostatic boundary value problem without
body forces
0 = div equilibrium equation in D
 =
ru+rTu =2 strain-displacement equation in D
 = C :  constitutive equation in D
u = 0 Dirichlet boundary conditions on u
  n = (ideal; 0)T Neumann boundary conditions on 
  n = 0 Neumann boundary conditions on ;0
(8)
is solved within a finite element simulation. The two-dimensional plate under plane stress is fixed
at one edge  u(x = 0mm) and uniformly loaded in x-direction at another edge
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Figure 10: Numerical adhesive bond model
 (x = l = 700mm), see Fig. 10. Isotropic material with linear elastic behavior is defined.
The structure is meshed by two-dimensional 8-node elements with quadratic displacement be-
havior whereby the air voids are cut out and not meshed. The amount of nodes and elements
depends on all uncertain parameters  due to mesh refinement around each air void. From the
resulting displacement vector u, the stress field (u)[x] can be calculated. The crack initiation
is located on the point of maximum first principal stress in the structure which is determined by
max = ess sup
x2D
max((u)[x]) : (9)
Here max denotes the largest eigenvalue of . As quantity of interest, a relative bearing capacity
Fmax
Fideal
=
ideal
max
=
F= (bt)
max
2 [0%; 100%] (10)
is defined to quantify the influence of air voids on structural failure.
(a) Membership functions (b) Cumulative distribution functions
Figure 11: Fuzzy-interval-stochastic output and corresponding defuzzification
4.3 Results
The quantity of interest Fmax=Fideal = Fmax=Fideal (F; I; S) is polymorphic uncertain since it
depends on all uncertain parameters. Important from an engineering point of view is to generate
a simplified and practicable output as follows:
1. calculate the mean and standard deviation in stochastic space
Fmax=Fideal (F; I; S)! Fmax=Fideal (F; I) and Fmax=Fideal (F; I)
2. calculate the lower and upper bounds in interval space
Fmax=Fideal (F; I)!

min;Fmax=Fideal (F) ; max;Fmax=Fideal (F)

Fmax=Fideal (F; I)!

min;Fmax=Fideal (F) ; max;Fmax=Fideal (F)

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3. calculate the discrete membership functions in fuzzy space
min;Fmax=Fideal (F)! 
 
min;Fmax=Fideal

max;Fmax=Fideal (F)! 
 
max;Fmax=Fideal

min;Fmax=Fideal (F)! 
 
min;Fmax=Fideal

max;Fmax=Fideal (F)! 
 
max;Fmax=Fideal

4. defuzzify the discrete worst case membership functions (minimum mean with maximum
standard deviation) by the centroid method (e.g. described in [16]), see Fig. 11a
5. visualize the worst case fuzzy and defuzzied cumulative distributive functions (CDF) for
plausibility check, see Fig. 11b
A defuzzified worst case mean value of Fmax=Fideal = 22% and a defuzzified worst case stan-
dard deviation of Fmax=Fideal = 8% have been calculated. This means that adhesive bonds with
air voids show a considerably smaller bearing capacity in comparison with an adhesive bond free
of air voids. Fig. 12 underlines a satisfactory accuracy with regard to the number of simulations
in the stochastic space. Comparing the efficiency of Monte Carlo sampling and Latin hypercube
sampling, no significant difference can be detected, see also [6]. With regard to the theoretical
Figure 12: Convergence of defuzzied worst case parameters
solution [12] of the relative bearing capacity Fmax=Fideal = 33% for an infinite plate with one
circular hole, the influence of finite plate dimensions as well as of higher amount of air voids has
been quantified in this study.
5 Conclusions
An important component in the load-bearing structure of rotor blades of wind turbines are
adhesive bonds which are in the focus of this contribution. A numerical model for investigations
of air void impacts on structural failure has been presented. The air void properties are based on
experimental data obtained by computer tomographic scans on a representative sub-component.
Diverse uncertainties have been presented in the data acquisition and data processing which
have been divided into epistemic and aleatory ones, respectively, thus lead to a problem under
polymorphic uncertainties. On this basis, fuzzy, interval and stochastic variables have to be
taken into account for uncertainty quantification and integration in numerical simulations. The
relative bearing capacity as quantity of interest has been evaluated on a two-dimensional plate
under plane stress loaded by uniaxial tension. Different applied solution methods have been
compared with regard to accuracy as well as efficiency and have shown similar results. It has
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been determined that the mutual influence between air voids as well as the influence of the
finite plate dimensions reduce considerably the bearing capacity of adhesive bonds. The output
including polymorphic uncertainties provides the possibility to analyze the impact of different
uncertainty sources on the result.
6 Future work
The authors are currently working on the extension to multi-scale models, on the consideration of
arbitrary air void shapes and on more efficient methods for solving problems under polymorphic
uncertainties. Also the validation of numerical structural failure simulations with experiments is
an ongoing work and will be presented in future.
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